Introduction
Phytoplankton, as primary producers, have always been an important food source. Marine phytoplankton also play a role in the carbon cycle by absorbing atmospheric CO 2 and removing it to ocean depths (Falkowski et al., 2000) . However, certain algal groups are known to be harmful when they bloom in the environment, causing a nuisance to other organisms. Certain species of the genus Pseudo-nitzschia are responsible for amnesic shellfish poisoning (ASP). The toxin responsible for this illness is domoic acid (DA). This neurotoxin affects not only humans, but also marine mammals and sea birds (reviewed by Lelong et al., 2012; Trainer et al., 2012) . Outbreaks of toxic Pseudo-nitzschia blooms, with levels of DA in shellfish above the regulatory limit, have resulted in the closure of shellfish farming and harvesting in several countries (Kotaki et al., 1996; Amzil et al., 2001; Vale and Sampayo, 2001; Trainer et al., 2007) .
Pseudo-nitzschia pungens (Cleve) Hasle was first described in 1993 (Hasle, 1993) . In 1998, P. pungens var. cingulata Villac was described, characterized by apparent morphological differences in valve structure and cingular bands (Villac and Fryxell, 1998) . A decade later, P. pungens var. aveirensis Lundholm, Churro, Carreira and Calado was described (Churro et al., 2009 ). The originally described P. pungens was then designated as the nominal variety (P. pungens var. pungens). Its taxonomic classification did not change. Pseudo-nitzschia pungens is one of the most studied species owing its wide distribution (Hasle, 2002; Casteleyn et al., 2010) and the ability of some strains to produce trace levels of DA (Rhodes et al., 1996; Trainer et al., 1998; Calu et al., 2009; Moschandreou et al., 2012) . However, most P. pungens strains have been reported to be non-toxic (Bates et al., 1998; Villac and Fryxell, 1998; Li et al., 2005; Churro et al., 2009; Lim et al., 2010 Lim et al., , 2012a Quijano-Scheggia et al., 2010) . Pseudo-nitzschia pungens is heterothallic (Chepurnov et al., 2005) , and natural hybridization can take place in the environment (Casteleyn et al., 2009a; Holtermann et al., 2010) .
Identification of Pseudo-nitzschia species requires well-trained taxonomists and skills in electron microscopy. Molecular tools with specific gene markers were later developed to aid species identification and these have been implemented for monitoring purposes (Miller and Scholin, 1996; Vrieling et al., 1996; Cho et al., 2001; Turrell et al., 2008) . Evolutionary and phylogenetic insights into P. pungens have been inferred from the nuclear encoded large subunit (LSU) ribosomal DNA gene (Lundholm et al., 2002; Orsini et al., 2002) , the internal transcribed spacer (ITS) region (Casteleyn et al., 2008; Churro et al., 2009; Quijano-Scheggia et al., 2010) , the secondary structure of the ITS2 transcript (Lim et al., 2012a) , and the chloroplast-encoded RUBISCO (rbcL) gene (Casteleyn et al., 2009a; Lundholm et al., 2012) .
The spatial and temporal genetic composition of P. pungens populations has been investigated widely. Its cosmopolitanism has provided an incentive for it to be a model species in the genus. The population genetic structure of P. pungens in the North Sea was assessed using specific microsatellite markers (Evans and Hayes, 2004) , and findings supported a single largely unstructured population (Evans et al., 2005; Casteleyn et al., 2009b) , later referred to as clade I sensu Casteleyn et al. (2008 Casteleyn et al. ( , 2010 . On the other hand, microsatellite data revealed two distinct genetic populations of P. pungens from the Washington coast (Adams et al., 2009) . This was further supported by Casteleyn et al. (2009a) , who showed that one of the populations was actually composed of the offspring from the hybridization between P. pungens var. pungens and var. cingulata. In a limited number of taxa analyzed, the tropical and warm-temperate water populations split out as a distinct clade, i.e. clade III sensu Casteleyn et al. (2008 Casteleyn et al. ( , 2010 (Churro et al., 2009 ). The recognition of varieties based on morphology was unclear (e.g. Villac and Fryxell, 1998) . As well, molecular phylogenetic reconstruction, particularly for var. pungens, did not clearly resolve sub-specific boundaries, as isolates were distributed throughout the phylogenetic tree (Casteleyn et al., 2008 (Casteleyn et al., , 2010 Churro et al., 2009) . Generally, Clade I sensu Casteleyn et al. (2010) comprises var. pungens from the Northern and Southern hemispheres; clade II has only been found in NE Pacific and comprises both var. pungens and var. cingulata, the offspring of both varieties co-occurring in clades I and II; and clade III comprises var. aveirensis, and is found only in the tropical to warm-temperate zones.
In this study, we examined the genetic structure of P. pungens of the tropical/warm-temperate lineage (clade III), with the inclusion of tropical Southeast Asian populations. The species is widely distributed along the coasts of Malaysia (the Peninsular and Malaysian Borneo), where it has been documented at 17 locations (Teng et al., 2013) . We analyzed sequence data from 47 strains of P. pungens isolated from the Malaysian tropics and compared them to other populations distributed globally. Genetic differentiation was assessed using the ITS region, and its secondary structure information, to determine the phylogeographic position of this tropical Southeast Asian population in relation to the other lineages. Our findings demonstrate that the global dispersal route of P. pungens may not be attributed exclusively to anthropogenic factors (e.g. ships' ballast water), but rather to global oceanic circulation patterns and an ancient geological event.
Materials and methods

Sampling and culture collections
Plankton samples were collected from six coastal locations in Malaysia (South China Sea) between 2009 and 2012, by vertical hauls of a 20-mm mesh plankton net from 3 to 5 m to the surface. The locations were Santubong and Muara Tebas, in Kuching (Sarawak); Kudat, in Sabah; Teluk Batik, in Perak; Klang, in Selangor; and Port Dickson, in Negeri Sembilan (Fig. 1 , Supplementary Table S1 ). Clonal cultures of P. pungens were isolated and established as in Lim et al. (2012a,b) . In brief, single chains of Pseudo-nitzschia cells were isolated using a finely drawn Pasteur pipette under an Olympus IX51 inverted light microscope (Olympus, Tokyo, Japan) and inoculated into a micro-well plate. Clonal cultures were established in SWII medium (Iwasaki, 1961) with a salinity of 30 psu, pH of 7.8-7.9, and maintained at 25 AE 0.5 8C under a light intensity of 100 mmol photons m À2 s À1 , 12:12-h L:D photoperiod, provided by cold-white fluorescent bulbs in a growth chamber (SHEL Lab, Cornelius, OR, USA). Forty seven strains were established into clonal culture (Supplementary Table  S1 ).
DNA extraction, PCR and taxon sampling
Cultures of P. pungens at mid-exponential phase were harvested by centrifugation (9300 Â g for 10 min). Genomic DNA of P. pungens was extracted with cetyl-trimetyl ammonium bromide (CTAB) lysis buffer and precipitated with ethanol as in Lim et al. (2012a) . The nuclear encoded internal transcribed spacer (ITS) region was amplified using the primer set ITS1 and ITS4 (White et al., 1990) . Gene amplification of 25 ml PCR mixtures was as in Lim et al. (2012a) . Thirty five cycles (30 s at 94 8C, 30 s at 51 8C, 1 min at 72 8C) were performed with an initial denaturation step of 4 min at 94 8C and a final elongation step of 7 min at 72 8C. The amplicons were subsequently purified using a QIAquick PCR purification kit (QIAGEN, Hilden, Germany). Sequencing was performed on both strands using the same primers. Available ITS sequences of P. pungens were retrieved from NCBI GenBank. A total of 137 sequences were retrieved, and sequences with ambiguous bases were excluded; only 117 sequences were used in the analyses. Sequences obtained in this study were deposited in NCBI GenBank, with the accessions provided (Supplementary Table S1 ).
ITS folding
Using the ITS2 database Merget et al., 2012) , ITS secondary structures were predicted by homology modeling (Wolf et al., 2005a) . ITS secondary structures of P. pungens, manually predicted according to Casteleyn et al. (2008) , served as a template. The ITS2 proximal stem was taken into consideration (Cô té and Peculis, 2001; Keller et al., 2009) . 5.8S secondary structures were manually predicted according to Gottschling and Plö tner (2004) . Consensus structures were displayed using RNALogo (Chang et al., 2008) .
Genetic diversity
In accordance with Keller et al. (2010) , phylogenetic analyses followed the procedures outlined in Schultz and Wolf (2009) . A global multiple sequence-structure alignment was automatically generated in 4SALE v1.7 (Seibel et al., 2006 (Seibel et al., , 2008 , whereby sequences and their secondary structures were simultaneously aligned using an ITS2 sequence-structure specific scoring matrix (Seibel et al., 2006) . Based on the sequence-structure alignment, phylogenetic relationships were reconstructed by Neighborjoining (NJ) through the use of an ITS2 sequence-structure specific general time reversible (GTR) substitution model as implemented in ProfDistS v0.9.9 Wolf et al., 2008) . Compensatory base changes (CBCs) as well as hemi-CBCs were identified using the CBCAnalyzer option implemented in 4SALE v1.7 (Wolf et al., 2005b; Seibel et al., 2006 Seibel et al., , 2008 . Additionally, using MEGA5 (Tamura et al., 2011) , the sequence alignment was used to calculate uncorrected pairwise p-distances.
Population structure inference
To obtain an estimate of population structure, K ST (the analog of F ST that incorporates interallelic distances) was calculated from an analysis of molecular variance (AMOVA), using Arlequin 3.5.1.2 (Excoffier and Lischer, 2010) . Population pairwise F-statistics were also calculated to estimate the gene flow, according to Weir and Cockerham (1984) . A median-joining network was reconstructed using Network 4.6.1.0 to infer haplotype relationships (Bandelt et al., 1999) . The input file for population structure analysis was converted using GenAIEx 6.5b3 (Peakall and Smouse, 2012) . Population structure and admixture were investigated using Bayesian clustering analyses implemented in STRUCTURE v. 2.3.4 (Pritchard et al., 2000) . The most likely number of K clusters was identified through 10 iterations performed at each K value, from 1 to 10; each run was based on 10,000 burn-in periods and 10,000 Markov Chain Monte Carlo repetitions. Simulations were performed using the admixture model with the LOCPRIOR option, assuming correlated allele frequencies among populations. The log likelihood of these data was used to estimate the best K following the recommendation of Pritchard et al. (2000) . Multiple runs generated by STRUCTURE were analyzed using Structure Harvester Web v0.6.93 (Earl and Vonholdt, 2012) . The individual membership coefficient (q ind ) was obtained from Structure Harvester for the selected K value. Cluster Matching and Permutation Program, CLUMPP v. 1.1.2 (Jakobsson and Rosenberg, 2007 ) was used to determine the optimal assignation of clusters for the analyzed individuals, maximizing similarity between the different structure replications. The results from the Bayesian analysis were visualized using DISTRUCT v. 1.1 (Rosenberg, 2004) .
Results
ITS folding and structural information
Nucleotide sequences of P. pungens obtained in this study were deposited in NCBI GenBank and accession numbers are given in Supplementary Table S1. The P. pungens var. aveirensis isolates from Malaysia are identical genetically to those described by Churro et al. (2009) from the Aveiro coastal lagoon, Portugal, and the P. pungens var. pungens Malaysian isolates are identical to P. pungens var. pungens in Casteleyn et al. (2009a) .
The consensus structures of P. pungens ITS1 and ITS2 computed from all the sequences analyzed are illustrated in Fig. 2 , and sequence divergences were determined (Table 1 ). The secondary structures of ITS1 and ITS2 are highly conserved, given five common helices (I-V) in ITS1 ( Fig. 2A) , and four helices (I-IV) with a pseudo-helix, IIa, in ITS2 (Fig. 2B ). We observed a U-U mismatch at the base of helix II and a AAA motif between helix II and pseudohelix IIa, which are not shown in Casteleyn et al. (2008) , but described for eukaryotes (cf. Schultz et al., 2005) . The folding of ITS2 was determined based on the 5.8S-28S interaction (Fig. 2B , Keller et al., 2009 ). This interaction formed a proximal stem, which has been demonstrated in yeast to be a processing site in pre-rRNA processing (Cô té and Peculis, 2001). Hence, this confirmed the termini of the ITS2 transcript, i.e. the exact nucleotide position where the ITS2 starts (5 0 -CCCAC-3 0 ) and ends (5 0 -AUACA-3 0 ) (see Fig. 2B for details).
Analysis of the ITS1 consensus secondary structure of P. pungens showed two hemi-compensatory base changes (HCBCs) in helices I, II and III, three HCBCs in helix V, and 26 single nucleotide polymorphisms (SNPs) for the whole structure. In ITS2, one HCBC was identified in helices II and IV, one CBC and nine HCBCs in helix III, and 26 SNPs for the whole structure.
Phylogeography of P. pungens
The ITS tree revealed three major clades (I, II, III), with strong support of high posterior probability in the NJ analysis (Fig. 3) . Clade I represents strains from the North Sea (Belgium, Denmark, France, The Netherlands), NE Atlantic (Spain, Portugal), NW Atlantic (Canada), NE Pacific (USA), NW Pacific (Japan) and S Pacific (New Zealand); strains belong to var. pungens. Clade II contains strains from the NE Pacific, belonging to both var. pungens and var. cingulata; var. cingulata was found only in this clade. Strains co-occurring in both clade I and clade II represent the hybrids (33 clones) of var. pungens and var. cingulata in the natural environment. Both clades I and II were strongly supported by a high posterior probability value of 0.97 (Fig. 3A) . Clade III was separated into two sub-clades, i.e. sub-clade IIIa and sub-clade IIIb, with strong posterior probability support (0.95, Fig. 3B ). This clade comprised both var. pungens and var. aveirensis. Sub-clade IIIa was mainly from the W Pacific (Straits of Malacca, Malaysian Borneo, China and Vietnam). Sub-clade IIIb comprised four NE Atlantic strains (from Portugal), one from W Atlantic (Mexico) and one from W Pacific (Malaysia). The splits among clades are substantial, with average sequence divergences ranging from 1.4 to 3.2% in the ITS region (Table 1) . Within clades, sequence divergences are relatively low, averaging 0.1% in clade I; 0.4% in clade II; and 0.5% in clade III (Table 1) .
Haplotype diversity
Sequence analysis revealed 60 unique haplotypes in 164 sequences from the eight geographical regions. The whole ITS region was highly variable, with 105 differing nucleotide sites; the details of each haplotype are listed in Supplementary Table S2 . Fig. 4 shows the median-joining network derived from the whole ITS sequences of P. pungens.
A haplogroup of P. pungens from Malaysia comprised 14 haplotypes (h2, h4, h5, h42, h44, h46-h48, h51, h52, h56-h59). The population of the Strait of Malacca formed a haplogroup, with seven haplotypes, followed by the strains from Sulu Sea (Kudat), with five haplotypes. Kuching, which is situated at the southern South China Sea (Fig. 1) , has only one haplotype (Fig. 4) .
Only one haplotype (h1) was observed in more than one population; strains belong to this haplotype were from the North Sea, NE Atlantic, NW Atlantic, NE Pacific, NW Pacific and S Pacific. Haplotype h43 occurred in the NE and W Atlantic populations. Among the rest of the haplotypes, none were found in more than two populations. Haplotype h2, and adjacent haplotypes, were confined to the W Pacific, whereas h16 and h50, with adjacent haplotypes, were restricted to the NE Pacific. Among the haplogroups, the NE Pacific showed the highest haplotype diversity, with 30 haplotypes (Fig. 4) .
Pseudo-nitzschia pungens grouped not only according to the haplotypes but also according to their geographical locales. In this network, G3 had long branch-lengths, with G1 and G2 separated by 15 mutational steps (Fig. 4) . From the network, haplotype h1 was the haplotype with the highest frequency in G1, followed by haplotype h2 in G3. The grouping in this network is in agreement with the clustering in the NJ phylogenetic tree (Fig. 3) .
According to AMOVA, 75% of the total ITS rDNA variation was found among the populations, and only 25% within populations (K ST = 0.75). Standardized multilocus (F ST ) values were relatively high between strains from the W Pacific compared to the others from the NW, NE and S Pacific; NE and NW Atlantic (0.69-0.88), Table 1 Sequence divergence (uncorrected p-values) within and among the three Pseudo-nitzschia pungens clades, shown as minimum-maximum (average). except for those from the W Atlantic (0.54) (Table II) . Among the strains of P. pungens from the W Pacific, pairwise genetic differences ranged from 1.04 to 3.17%.
Population structure
The most likely number of K is inferred using the method described in Evanno et al. (2005) . The second order statistic devised showed a peak at K = 2, the first value with P value >0.05 in the simulations (Supplementary Fig. S1 ). The global distribution map for P. pungens is plotted according to the locations of the strains listed in Supplementary Table S1 and the literature (Lelong et al., 2012; Trainer et al., 2012) (Fig. 5A) . The STRUCTURE analysis revealed two genetic clusters (Fig. 5B) . The phylogeographic distribution of P. pungens is congruent with the STRUCTURE analysis, where the W Pacific represents one distinct phylogroup and the rest of the populations (North Sea, NE/NW/W Atlantic, NW/SW Pacific and NE Pacific) are panmictic.
Discussion
Global patterns of P. pungens genetic variation
Across eukaryotes, the ITS region of the nuclear-encoded ribosomal RNA gene has been evaluated as useful for inferring phylogenies and/or for distinguishing species (e.g. Coleman, 2003; Mü ller et al., 2007) . Our data show three distinct ITS entities (clades I, II and III; Fig. 3 ), in agreement with Casteleyn et al. (2008) . Several strains in both clade I and II were reported as hybrids of P. pungens var. pungens and P. pungens var. cingulata in the natural environment of the NE Pacific (USA) (Casteleyn et al., 2009a) . This was further supported in our analyses by the moderately low F ST values, indicative of a genetic exchange through mating. The high degree of gene flow observed in clade I between the North Sea and NE Atlantic (0.30) is comparable to that of the marine diatom Skeletonema marinoi in the North Sea (0.011-0.267; Godhe and Hä rnströ m, 2010).
Pseudo-nitzschia pungens has always been described as cosmopolitan, with a global distribution (Hasle, 2002; Casteleyn et al., 2008; Lelong et al., 2012) . However, our study shows that gene flow is restricted between tropical/subtropical P. pungens (growing at >20 8C; NOAA, 2013) and temperate P. pungens (10-20 8C; NOAA, 2013). This is evidenced by the high F ST value of W Pacific populations when compared to those of the NE Pacific, North Sea and NW Atlantic populations (0.81, 0.88 and 0.86, respectively). Similar trends were also observed in other plankton, e.g. the calanoid copepod Subeucalanus pileatus, where gene flow was low between populations of the W Pacific and North Atlantic (F ST = 0.979-0.985; Goetze and Ohman, 2010) . The limit of gene flow was discussed in Casteleyn et al. (2010) using species-specific microsatellites markers. It is still premature to compare populations from NW Pacific and S Pacific, even though they showed high Fig. 4 . Median-joining network derived from P. pungens ITS nucleotide sequences. Haplotypes are designated by numbers. Each tick on the line connecting haplotypes represents a mutational step. The haplogroups are assigned to G1, G2 and G3, where G1 corresponds to Clade I, G2 to clade II and G3 to clade III in Fig. 3 . The dashed ovals correspond to sub-clades IIIa and IIIb.
F ST values, because the population size is small (n = 2). Further attention is warranted before a strong conclusion can be drawn; indeed, available sequence data of P. pungens from the main continents of the Southern Hemisphere (South America, South Africa, Australia) are still limited.
To date, clade III is confined to tropical (W Pacific, W Atlantic) and subtropical (NE Atlantic) waters. The relatively high F ST values (0.81-0.88; Table 2 ) also explain the restriction between populations of clade III and those of the other two clades from temperate regions, suggesting that they are reproductively isolated. Clade III is clustered into two sub-clades (IIIa and IIIb) with phylogeographic structuring. Sub-clade IIIa comprises tropical P. pungens populations from the W Pacific (South China Sea), whereas sub-clade IIIb is mainly from the subtropical W and NE Atlantic. In spite of the populations from South China Sea (W Pacific) and W/NE Atlantic belonging to two different oceans, the gene flow (F ST = 0.54-0.69) is comparable to that between the North Sea and NE Atlantic compared with NE Pacific (F ST = 0.60 and 0.46, respectively). Thus, the distance between populations from the South China Sea (W Pacific) and the North Atlantic Ocean (W/NE Atlantic) did not prevent genetic exchange among the populations in clade III.
The geographic structuring in P. pungens clade III is supported in the haplotype analysis. However, this pattern is tentative, as the number of available ITS sequences from China and Vietnam is limited (n = 1) (Fig. 4) . Genetic differentiation within P. pungens can be broadly linked to the geographical origin of the strains. Clades I, II and III can be considered as three distinct phylogroups that could have evolved separately over a long period of time at different geographic regions with different ecological conditions. The results of NJ and median-joining network analyses showed clear groupings that are congruent with geographical locales. This was further supported by STRUCTURE analysis with detection of admixing, as shown in Fig. 5B . The populations of the North Sea, the NE Atlantic and the NW Atlantic occupy a huge geographic area connected by the North Atlantic Ocean, and together with strains from the NE and S Pacific, form one panmictic population. On the other hand, the South East Asian populations, which originated from three different areas of the Indo-Pacific region, i.e. the Indian Ocean (Strait of Malacca, Malaysia), the South China Sea and the Sulu Sea (W Pacific), represent another panmictic population.
It is noteworthy that P. pungens var. pungens is distributed throughout the lineages (within clades I and II, as well as clade III in 
Table 2
Genetic divergence of the ITS region in Pseudo-nitzschia pungens populations. Upper diagonal: Population pairwise standardized multilocus (F ST ) values; diagonal element: average number of pairwise genetic differences within population (P i X, %); lower diagonal: average number of pairwise genetic differences between populations (P i XY, %). this study), where the temperate ocean populations are antitropical, i.e. they can only be found north and south of the tropical zone but not in the tropics (Casteleyn et al., 2010) . A possible explanation for this is that an ecological barrier could have separated P. pungens var. pungens into two geographic regions, tropical and temperate. This separation could be caused by differences in water temperature, salinity and light intensity, which have occurred in both regions, providing clinal differentiation (ecotypes without any morphological changes) that allowed subsequent genetic differentiation of the populations of var. pungens above and below the tropics. Even though P. pungens var. pungens from temperate (Northern and Southern hemispheres) is separated by the equator, this did not affect the gene flow. Information on diatom resting stages is important for understanding the population dynamics, including gene flow, dispersion and colonization, of diatoms. In the eastern Bering Sea shelf of the North Pacific Ocean, the life cycle strategy of resting stages allows cells to survive the dark winter season and form blooms during the spring (Tsukazaki et al., 2013) . A similar strategy was encountered in the tropical East China Sea of the Western Pacific Ocean, where Zhang et al. (2010) showed that the germination of diatom resting stages in sediment samples was significantly affected by light intensity, rather than by water temperature and salinity. There is contradictory information regarding the existence of resting stages in Pseudo-nitzschia spp. (Lelong et al., 2012) , and no evidence of them was found in the Gulf of Naples (Montresor et al., 2013) . On the other hand, resting stages of Pseudo-nitzschia sp. were reported in recent marine sediments of Peter the Great Bay, Russia (Orlova and Morozova, 2009 ). As well, P. multiseries vegetative cells germinated from the sediments of the East China Sea (Zhang et al., 2010) . Clearly, Pseudo-nitzschia spp. must possess some kind of resting stage that allows them to retain the physiological capacity to germinate upon the restoration of proper environmental conditions.
Our hypothesis is that the thermohaline circulation of the global ''conveyor belt'' (Roach, 2004 ) may allow P. pungens var. pungens to be drawn to the depths, where it travels in a low metabolic state from the N Atlantic (Northern Hemisphere) to the S Atlantic (Southern Hemisphere) (blue line in Fig. 5A ), where it then upwells and grows. One branch of the circulation carries cells northward into the Indian Ocean and the other branch up into the W Pacific. The warm shallow current (red line in Fig. 5A ) can then deliver the tropical P. pungens var. pungens and P. pungens var. aveirensis from the W Pacific, across the Indian Ocean and then northward, where the cells are eventually returned to the N Atlantic, and the cycle begins again (Fig. 5A) . However, deep ocean currents have not always existed or circulated in the same way, but have been shut down or changed direction many times during the Earth's history (Broecker, 1997; Driscoll and Haug, 1998) . A shutdown in global oceanic circulation may have allowed for prolonged periods of geographical isolation, during which genetic differentiation occurred. The evolutionary diversification pattern of P. pungens is consistent with this historical ocean circulation.
Phylogeographic hypothesis and diversification of P. pungens
The raphid pennate diatoms were predicted to diverge from the more recent araphid pennate diatoms $93.8 Mya, and started a major diversification process $75 Mya (Sorhannus, 2007) . In Pseudo-nitzschia, particularly, P. pungens diverged from P. multiseries between 1.9 and 5.9 Mya (Sorhannus, 2007) . Based on the divergence time estimated by Casteleyn et al. (2010) , we speculate that the tropical and subtropical P. pungens (clade III) underwent speciation and diverged 0.6-1.6 Mya during the Lower Pleistocene (Calabrian). Casteleyn et al. (2010) provided several explanations for this speciation. Another hypothesis for the global diversification of P.
pungens could be the formation of the Isthmus of Panama, also known as the Central American (Inter-American) Seaway, which closed $3 Mya. Before the seaway closed, both oceans had the same salinity, which was maintained by the flow from the Atlantic and the Pacific Oceans through the Central America Seaway. However, when the Isthmus of Panama formed, water exchange between the Atlantic and Pacific Oceans was restricted, salinities changed and the connection of conspecific planktonic populations from both oceans was disrupted (Haug et al., 2004) . This event could have separated the P. pungens populations into two ocean basins, thereby allowing them to become isolated from each other. The closure resulted in a marked reorganization of ocean circulation, starting $4.6 Mya; it enhanced the flow of the Gulf Stream and possibly intensified Northern Hemisphere glaciations due to the introduction of warm, saline water (Haug and Tiedemann, 1998) . The tropical Atlantic and Caribbean became saltier via evaporation, and trade winds deposited the water vapor westward across the isthmus into the Pacific via rainfall, resulting in a less saline Pacific Ocean (Haug et al., 2004) . Transport via ships' ballast water could also spread P. pungens around the world. However, the time frame for this species to evolve is limited, as the use of water for ballast in vessels began only after the 1880s, when steel-hulled vessels were introduced (National Research Council (NRC), 1996; Pughuic, 2001) .
Changes in ocean circulation driven by temperature and salinity might have triggered the differentiation of P. pungens into morphological (differences in valvocopula structure and band striae density) and genetic varieties, through adaptation. In particular, the structure of the band striae (cingular bands), composed of three bands (the valvocopula, second band and third band), is the most pronounced characteristic that distinguishes among the three varieties of P. pungens. The valvocopulae of P. pungens var. pungens (clade I) have a single row of poroids, and those of P. pungens var. cingulata (clade II) have two rows of 2-3 poroids. The second band may have one or two poroids per stria; even if one poroid is present, it is much smaller compared to P. pungens var. pungens (Villac and Fryxell, 1998) . On the other hand, P. pungens var. aveirensis (clade III) is characterized by two types of valvocopulae, one with one row of oval poroids and the other with square poroids split into 2-3 parts (Villac and Fryxell, 1998; Churro et al., 2009 ). This phenotypic variation may have been triggered by adaptation, in particular to water temperature, as an environmental factor that influenced the speciation in P. pungens.
Laboratory experiments have shown morphological differences in Pseudo-nitzschia species when grown at different temperatures. For example, P. multiseries had the usual 3-4 rows of poroids in the striae when grown at 5 8C and 15 8C, but this decreased to 2-3 rows at 25 8C (Lewis et al., 1993) . Similarly, the number of rows of poroids of the temperate species P. seriata decreased from four at its usual growth temperature (4 8C) to two, at 15 8C (Hansen et al., 2011) . Thus, the speciation of P. pungens populations could be triggered when given enough time in cold water environments (cf. Butlin et al., 2012) . The highly dispersed P. pungens can be a reflection of the degree of adaptation to different environments, resulting in the independent evolution of P. pungens var. aveirensis (in tropical and subtropical waters) and P. pungens var. cingulata (in temperate waters).
Toxicity of P. pungens
The distinction among phytoplankton species, especially Pseudo-nitzschia and their structured populations, remains contentious due to difficulties in defining the species' boundaries and the lack of available genetic and ecological data. Compensatory base changes correlating with the biological species concept (Mü ller et al., 2007; Coleman, 2009; Wolf et al., 2013) have been widely adopted, along with a combination of morphology and phylogenetic reconstructions, to discriminate among species of Pseudo-nitzschia (Churro et al., 2009; Lim et al., 2012a; Lundholm et al., 2012) . This has been particularly important when dealing with potentially toxic species. Unfortunately, such data are limited for the three varieties of P. pungens, with the exception of those presented in Churro et al. (2009) .
Up until 1994, P. pungens was considered as a non-toxic species (Bates et al., 1998 ). However, it was then proven to toxify Greenshell mussels in Marlborough Sounds, New Zealand (S Pacific), and to produce low levels of DA (0.47 pg cell À1 ) in one isolate (Rhodes et al., 1996) . No other toxic strain was reported until a strain of P. pungens from Twin Harbors (Washington State, USA; NE Pacific) again produced low levels of DA (0.07 pg cell À1 ) (Trainer et al., 1998) . Another isolate from offshore Washington State (NE Pacific) produced even less DA (0.0018 pg cell À1 ) (Baugh et al., 2006 ). An isolate from the Bay of Crozon (France, E Atlantic) subsequently showed a level of 0.2 pg DA cell À1 (Calu et al., 2009 ). All of the above studies either pre-date the acceptance that P. pungens could be separated into three varieties, or else the variety was not specified. Churro et al. (2009) did not detect DA in cultures of P. pungens var. aveirensis from Portugal (NE Atlantic). Moschandreou et al. (2012) reported that one strain (out of nine) of P. pungens var. pungens from Greek coastal waters (NE Mediterranean basin) produced trace (but not quantifiable) levels of DA. This was the first report of toxicity in P. pungens var. pungens. More data are required to find patterns of toxicity among the three P. pungens varieties.
Interestingly, cultured strains of both P. pungens var. pungens and var. aveirensis examined in Malaysia were found to be nontoxic (Lim et al., 2010) . Strains of P. pungens (variety not specified) isolated from the East China Sea (W Pacific) were also reported to be non-toxic (Li et al., 2005) . This is consistent with the finding that P. brasiliana was not toxic in tropical waters (Malaysia [Lim et al., 2010 [Lim et al., , 2012b ; China [Wang et al., 2012] ), but toxic in subtropical waters (Tunisia; SW Mediterranean [Sahraoui et al., 2011] ), although it should be noted that P. brasiliana from Spain (NW Mediterranean) was reported to contain DA below the limit of detection (0.53 fg DA cell À1 ) (Quijano-Scheggia et al., 2010) . It is hence hypothesized that low temperatures favor the production of DA in certain species. This is also supported by Amato et al. (2010) , who showed that the ability for DA production in P. multistriata was suppressed at 27 8C (the optimum temperature was at 18 8C). Interestingly, it should be noted that the toxic P. pungens documented in Rhodes et al. (1996) and Moschandreou et al. (2012) were maintained at a lower temperature (18 AE 1 8C and 19 AE 2 8C, respectively) compared to the apparently non-toxic strains from Malaysia (25 AE 0.5 8C).
Conclusion
Our results show that gene flow is limited between P. pungens from tropical and temperate waters. The morphological varieties of P. pungens var. pungens, var. cingulata and var. aveirensis are consistent with genetic groupings. We hypothesize that ocean circulation and changes in physical barriers could explain the current dispersal patterns of P. pungens, as well as other marine species, rather than anthropogenic activities alone. These conditions might thus play an important role in understanding the evolutionary pattern of marine species diversification. Molecular data were essential in defining this biogeography.
